Phylogenetic relationships among 15 individuals representing 6 subspecies of Neotoma mexicana from the United States and Mexico were examined using DNA sequences from the mitochondrial DNA cytochrome b gene. Parsimony, likelihood, and genetic distance analyses revealed a dichotomy between populations of N. mexicana from the United States and northern Mexico and those from south of the Trans-Volcanic belt in southern Mexico. A 2nd dichotomy existed between wood rats in the Sierra Madre del Sur in southwestern Mexico and those south of the Isthmus of Tehuantepec. Further, populations of N. mexicana from the United States and those from Mexico possessed relatively high levels of sequence divergence indicating substantial genetic differentiation between these 2 groups. These data indicate that the 3 taxa probably represent sibling species and that consideration should be given to the elevation of the southern and southwestern Mexico forms to specific status. Additionally, paleontological material from Pleistocene wood rat middens in New Mexico and Mexico provided evidence for the effects of climatic changes on this group of wood rats and the means for assessing the phylobiogeography of the N. mexicana species group.
The Neotoma mexicana species group comprises 3 taxa: N. mexicana, N. angustapalata, and N. chrysomelas (Hall 1981) . Two species are known only from small isolated populations, N. angustapalata from southern Tamaulipas, Mexico, and N. chrysomelas from central Honduras and Nicaragua. N. mexicana, represented by 24 subspecies, is the most diverse member of this group. This wide-ranging species inhabits montane areas from northern Colorado throughout much of New Mexico and western Arizona south into Mexico and reaches the southern extent of its range in Central America (Hall 1981) . Although this group of wood rats inhabits diverse biotas and is regionally common throughout a range encompassing Ͼ2,400 km (from north to south), the N. mexicana species group is * Correspondent: rbradley@ttacs.ttu.edu one of the least understood complexes in this genus (both ecologically and systematically). Goldman (1910) erected the N. mexicana species group, which included N. mexicana (N. m. bullata, N. m. fallax, N. m. madrensis, N. m. mexicana, N. m. pinetorum, and N. m . sinaloae) and 6 endemic Mexican forms: N. distincta, N. ferruginea (N. f. chamula, N. f. ferruginea, N. f. isthmica, N. f. ochracea, N. f. picta, N. f. solitaria, and N. f. tenuicauda) , N. navus, N. parvidens, N. torquata, and N. tropicalis. Following Goldman's (1910) revision, 5 additional subspecies of N. mexicana were described subsequently and included: N. m. atrata (Burt 1939) , N. m. eremita (Hall 1955) , N. m. griseoventer (Dalquest 1951 ) N. m. scopulorum (Finley 1953) , and N. m. vulcani (Sanborn 1935) . Hooper (1955) reclassified N. tenuicauda as a subspecies of N. mexicana. Similarly, Hall (1955) considered the morphological differences between N. ferruginea and N. mexicana to be equal to that separating other subspecies of N. mexicana and relegated N. ferruginea to a subspecies of N. mexicana. Anderson (1972 ) synonymized N. m. madrensis with N. m. mexicana. Finally, Hall (1981 included the aforementioned taxa as well as N. angustapalata and N. chrysomelas in what currently is recognized as the N. mexicana species group.
Several studies have sought to clarify the phylogenetic relationships among various members within the genus Neotoma. Many of these studies have included N. mexicana as a representative taxon, but none to date has focused solely on the systematics among members of this diverse group. Burt and Barkalow (1942) and Hooper (1960) examined morphological characteristics of bacula and glandes penes and suggested that N. mexicana was aligned closely to N. albigula, N. floridana, and N. micropus. Hooper (1960) noted that N. mexicana was an intermediate, connecting the aforementioned albigula subgroup with N. stephensi and N. phenax. Baker and Mascarello (1969) also noted the evolutionary similarity of N. mexicana with N. albigula, N. floridana, N. lepida, N. micropus, and N. ste- phensi based on the non-Robertsonianchromosomal rearrangements found in each of these taxa. Other studies have supported this association based on findings from variation of electrophoretic patterns of hemoglobins and serum albumins Nejtek 1975, 1977) , dental morphology (Hayes and Richmond 1993) , chromosomal banding patterns (Koop et al. 1985) , and immunological data (Shipley et al. 1990) .
Genetic variation (partitioning) among populations of N. mexicana has been reported by several authors. For example, Zimmerman and Nejtek (1975) reported variation in albumin patterns within populations of N. mexicana along a north-south cline. Similarly, Planz et al. (1996) noted variation in restriction fragment length polymorphism data among several populations of N. mexicana but neither study assessed nor commented on the degree of variation.
The goals of our study are as follows: assess levels of genetic differentiation within the N. mexicana species group, and evaluate the phylogeography of members of the N. mexicana species group by examining 6 subspecies from geographically and ecologically distinct regions. . albigula, N. floridana, N. leucodon, and N. micropus were included as reference samples. Neotoma cinerea (subgenus Teonoma) was used as an outgroup taxon. Specimens were collected from natural populations, or tissues were borrowed from collaborative institutions ( Fig. 1 ; Appendix I). When possible, multiple individuals were examined per taxon to verify sequence accuracy and to evaluate geographic distribution of genetic entities.
MATERIALS AND METHODS

Samples
Data collection.-Mitochondrial DNA was extracted from liver and purified using the Wizard Miniprep kit (Promega , Madison, Wisconsin). The entire cytochrome b gene was amplified using the polymerase chain reaction (Saiki et al. 1988 ) with the following parameters: 39 cycles of 92ЊC (15 s) denaturing, 50ЊC annealing (1 min), and 72ЊC (1 min, 10 s) extension; followed by 1 cycle of 72ЊC (4 min). Amplification reactions were performed in 50 l volumes, 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 2 mM MgCl 2 , 1 M primer concentration, and 1.25 U of Taq (Fisher Scientific, Pittsburgh, Pennsylvania) . PCR primers (MVZ05 and H15915) were those used by Smith and Patton (1993) and Irwin et al. (1991) , respectively. The amplified products were purified with silica gel using QIAquick PCR Purification Kit (Qiagen , Valencia, California) .
Amplicons were sequenced with dye-labeled terminators and with about 60-80 ng of DNA using cycle sequencing conditions of 95ЊC (30 s) denaturing, 50ЊC (20 s) annealing, and 60ЊC (3 min) extension. Eight primers were used in the sequencing protocol: 2 (MVZ05 and H15915) that were used in the PCR amplification (Irwin et al. 1991; Smith and Patton 1993) , 3 (400R, 700L, and WDRAT 1100) were reported in Peppers and Bradley (2000) , and 3 (400F, WDRAT 650, and CWE1) were designed specifically for Neotoma . Following 25-29 cycles, reactions were then ethanol precipitated. Sequences for the heavy and the light strands were analyzed using the ABI-Prism 310 Genetic Analyzer (PE Applied Biosystems , Foster City, California). Sequences were aligned and proofed using Sequencher 5.0 software (Bromberg et al. 1995) .
Data analysis.-Maximum parsimony analyses were conducted using PAUP* software (Phylogenetic Analysis Using Parsimony and Other Methods, Version 4.0b8 -Swofford 2001) . Robustness and nodal support in all parsimony analyses were evaluated using 1,000 bootstrap iterations (Felsenstein 1985) and Bremer support indices (Bremer 1994 ) calculated with the Autodecay Analysis software program (Eriksson 1997 ) available in PAUP*. Variable nucleotide positions were treated as unordered, discrete characters with 4 possible character states: A, C, G, and T. Uninformative characters were excluded from all parsimony analyses.
Several weighting schemes were employed in the parsimony analyses. These included equal weighting and downweighting of transitions by a factor of 4.6. The downweight of 4.6 was calculated using maximum likelihood estimates of transition-transversion biases (ti/tv) following Kimura (1980) . First, 2nd, and 3rd position sub- stitutions were weighted differentially employing the ratio of 4.5:15.1:1 (calculated from the actual ratio of changes per position). Nucleotide sequence data were weighted using MacClade software (Version 3.04- Maddison and Maddison 1992) and subsequently analyzed using the heuristic search in the maximum parsimony option of PAUP*.
For comparison to other mammalian studies, genetic distances were calculated using the Tamura-Nei (Tamura and Nei 1993) model of evolution. These distances were then used to construct neighbor-joining trees (Saitou and Nei 1987) using PAUP* and a model of minimum evolution. In addition, following the methods of Sullivan et al. (1997) , the gamma value for the Tamura and Nei model (gamma ϭ 0.168) was used (estimated using maximum likelihood methods) to assess the effect of among-site variation on tree topology (Hasegawa et al. 1985) .
Maximum likelihood parameters were examined with the Modeltest computer program (Posada and Crandall 1998) which uses log-likelihood scores to establish the model of DNA evolution that best fits the data. The GTRϩ⌫ parameters generated significantly better likelihood scores and therefore were used in all subsequent likelihood analyses.
The Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999) was used to test for significant differences among tree topologies generated in parsimony, genetic distance, and likelihood analyses. This approach included pairwise testing of the equally weighted, downweighting of transitions by a factor of 4.6, positional weighting (4.5:15.1:1), genetic distance, and likelihood topologies.
RESULTS
The complete mitochondrial cytochrome b gene (1,143 bp) was sequenced for 6 taxa (23 individuals), and 300 characters were determined to be potentially phylogenetically informative. The average nucleotide frequencies were as follows: adenine 32.1%, cytosine 29.1%, guanine 12.6%, and thymine 26.2%. Comparisons of nucleotide substitutions revealed that transitions were, on average, 4.6 times more common than transversions. Substitutions per nucleotide position resulted in 44 substitutions occurring in the 1st position, 13 in the 2nd, and 196 in the 3rd, generating the position ratio of 4.5:15.1:1.
When informative characters were equally weighted, a single most parsimonious tree was generated. This tree (Fig. 2) required 620 steps, possessed a consistency index (CI) of 0.565 and a retention index (RI) of 0.779. The topology of the equally weighted tree depicted 2 major clades. The 1st clade (I) contained all reference samples (N. albigula, N. floridana, N. leucodon, and N. micropus) . The 2nd clade (II) contained samples of N. mexicana (N. m. inopinata, N. m. isthmica, N. m. mexicana, N. m. picta, N. m. scopulorum, and N. m. tenuicauda) . Within this N. mexicana clade, 4 minor clades (A-D) were formed. The 1st of these . m. inopinata-N. m. mexicana-N. m. scopulorum-N. m. tenuicauda versus N. m. picta 0.0971 N. m. inopinata-N. m. mexicana-N. m. scopulorum-N. m. tenuicauda versus N. m. isthmica-N. m. picta 0.0943 N. m. inopinata-N. m . m. inopinata-N. m. isthmica-N. m. mexicana-N. m. picta-N. m. scopulorum-N. m. tenuicauda versus N. leucodon 0.1210 N. m. inopinata-N. m. isthmica-N. m. mexicana-N. m. picta-N. m. scopulorum-N. m. tenuicauda versus N. floridana 0.1225 N. m. inopinata-N. m. isthmica-N. m. mexicana-N. m. picta-N. m. scopulorum-N. m. tenuicauda versus N. micropus 0.1312 N. m. inopinata-N. m. isthmica-N. m. mexicana-N. m. picta-N. m. scopulorum-N. m. tenuicauda Fig. 2 . An analysis in which transitions were downweighted by a factor of 4.6 produced a single most parsimonious tree that required 1,026.8 steps, possessed a CI of 0.611 and an RI of 0.817. The topology of this tree was identical to that obtained in the equally weighted analysis (Fig. 2) . Additionally, all nodes possessed bootstrap and Bremer support values similar to those present in Fig. 2 , except that support for the sister group relationship for clades C and D increased substantially (74-96).
The differential weighting scheme, in which nucleotide positions within codons were weighted using the ratio of 4.5:15.1: 1, resulted in a single most parsimonious tree which was 1,283.9 steps in length, possessed a CI of 0.620 and an RI of 0.805. The resulting topology was identical to that of the equally weighted analysis (Fig. 2) . Support values were similar to those obtained in the equally weighted analysis except that the bootstrap value supporting clades C and D was less than 50.
Genetic distances ( (Table 1) . Neighbor-joining trees constructed using the Tamura and Nei and Tamura and Nei-⌫ (gamma ϭ 0.168) models of evolution exhibited the identical topology as that obtained in the parsimony analyses ( Fig. 2 ) with 1 minor difference. In the Tamura and Nei-⌫ analysis, the N. m. mexicana sample (TK 90038) was basal to clades A and B instead of being the most basal member of clade A.
The maximum likelihood analysis with the GTR-⌫ model of evolution (Rodríguez et al. 1990 ) was identified by the Modeltest program (Posada and Crandall 1998) as best fitting the data. These parameters included base frequencies estimated from the model, equal rates among sites, and a gamma-shaped parameter ϭ 0.192. The topology (Ϫln L ϭ 4,600.35) obtained in this analysis was identical to that seen in the parsimony (equally weighted) analysis.
Tree topologies obtained from the parsimony, genetic distance, and likelihood analyses were examined using the ShimodairaHasegawa test (Shimodaira and Hasegawa 1999) . No significant differences (P ϭ 0.05) were detected among topologies.
DISCUSSION
The 6 subspecies of N. mexicana formed 4 distinct clades (A-D) in all analyses, regardless of the weighting scheme or models of nucleotide substitution employed (Fig.  2) . Clade A contained subspecies (N. m. inopinata, N. m. mexicana, and N. m. scopulorum) . albigula, N. floridana, N. leucodon, N. magister , and N. micropus ranged from 7.9% to 14.2% .
Other authors (Baker and Mascarello 1969; Burt and Barkalow 1942; Hayes and Richmond 1993; Hooper 1960; Shipley et al. 1990; Nejtek 1975, 1977) have included N. mexicana in their systematic studies on various members of the genus Neotoma. Most of these studies included N. mexicana as a reference taxon or tested the associations among taxa within this genus. Our data support the findings of these previous works in that N. mexicana is aligned closely to N. albigula, N. floridana, and N. micropus. Of interest, however, is the degree of genetic differentiation between N. m. isthmica, N. m. picta, and other members of this taxon. Two studies involving N. mexicana samples have noted some degree of variation between populations. Zimmerman and Nejtek (1975) noted a definite clinal increase north to south (Colorado to Chihuahua) in frequency of albumin alleles. They concluded that the effective number of alleles in the northern populations was 1.00 which increased to 3.11 in the Mexican populations sampled. Planz et al. (1996) noted some degree of variation between populations of N. mexicana from the United States and Durango, Mexico, and those from Jalisco, Mexico. This association was not the primary focus of their study and thus was omitted from any discussion regarding the phylogenetics of this group of wood rats. Results presented in this study demonstrate this same pattern, and we have used these to expand on implications of the historic biogeography of the southern United States and Mexico.
Biogeographic influences.-Use of molecular data to estimate absolute times since divergence is problematic, and its utility can be severely limited, often by the large sources of standard errors (Hillis et al. 1996) . We have included these estimates as approximations and not absolute times since divergence. We do feel, however, that these estimates allow for the discussion on the impact of vicariance or dispersal events, or both, on ancestral populations of Mexican wood rats. Arbogast (1999) and Arbogast and Slowinski (1998) estimated that the substitution rate for mammalian cytochrome b sequences is greater than 2% per million years and perhaps as great as 5%. Therefore, if one assumes an average of about 3% nucleotide substitutions per million years for cytochrome b, then this group of rodents diverged from an ancestral stock of wood rats (genus Neotoma) about 3.9-4.3 ϫ 10 6 years ago. Although this divergence estimate may be conservative, it still would place the divergence time during the mid-to-late Pliocene. Based on these divergence times and the presence of fossil material representing several neotomine taxa, it is known that N. mexicana was present throughout much of Mexico soon after the beginning of the Pleistocene. Additionally, fossilized wood rat remains from mid-tolate Pleistocene cave deposits (Harris 1984) reveal that N. mexicana was a faunal constituent of what is the present-day Chihuahuan Desert.
During the Pleistocene, the Mexican lowlands were occupied by pine-oak forests in dry periods and cloud forests in wet periods (Toledo 1982) . This fluctuation of flora was not only seen in southern and middle Mex-ico but also was evident in northern Mexico and into the southern United States. Based on evidence from fossilized wood rat middens, Van Devender et al. (1987) hypothesized that much of the deserts in northern Mexico and the southern United States were occupied by woodland plant communities during the late Wisconsin glacial period. During these times, the distribution of N. mexicana likely was contiguous as suitable habitat extended from Central America to the southern United States. The divergence of the northern Mexico samples and N. m. isthmica is estimated to have occurred 3.16 ϫ 10 6 years ago, approximately at the beginning of the Pleistocene. This divergence was followed by the split of N. m. picta from N. m. isthmica, roughly 2.61 ϫ 10 6 years ago. These time frames coincide with ongoing Pleistocene habitat expansion-retraction cycles resulting in widespread habitat fragmentation. Populations of N. mexicana from southern and southwestern Mexico became isolated from northern populations by xeric valleys that connected these forests. Further isolation of populations of N. m. isthmica from the other N. mexicana taxa occurred as a result of the formation of the Isthmus of Tehuantepec early in the Pleistocene. Similarly, isolation of populations of N. m. picta occurred as a result of the formation of the Sierra Madre del Sur, which acted as a refugium during the Pleistocene. Our data support an affiliation of the sample from southeastern Oaxaca (TK 93257) with samples from Chiapas (TK 20551 and TK 93296) . Obviously, this affiliation suggests either a breakdown of geographical isolating mechanisms previously formed by the Isthmus of Tehuantepec or a northwesterly movement of N. m. isthmica. This scenario is congruent with studies involving other rodent taxa from this geographic region as described by Engstrom et al. (1981) and Sullivan et al. (1997) .
Taxonomic implications.-Based on the evidence from mtDNA sequence data, the current taxonomy of the N. mexicana species group probably does not reflect the evolutionary relationships among its members. Of particular concern are the populations of N. mexicana found south of the Isthmus of Tehuantepec (N. m. chamula, N. m. ferruginea, N. m. isthmica, N. m. solitaria, and N. m. vulcani) and those occurring along the Sierra Madre del Sur (N. m. picta and N. m. parvidens) . The degree of genetic differentiation (9.4%) between 2 of these taxa (N. m. isthmica and N. m. picta) and other N. mexicana subspecies is of a magnitude denoting specific boundaries . Additionally, the genetic divergence between N. m. isthmica and N. m. picta (7.8%) is comparable to that between other wood rat species such as N. magister and N. floridana (7.9%) and N. leucodon and N. micropus (9.2%-Edwards and Bradley 2001; ). Based on congruent parsimony, likelihood, and genetic distance analysis, it seems appropriate to consider assigning Mexican wood rats south of the Isthmus of Tehuantepec to the same species, whereas those occurring along the Sierra Madre del Sur in southwestern Mexico would constitute a 2nd species. Under this scenario all individuals (Fig. 1) assigned to the former group would be referred to as N. isthmica (Goldman 1904) , whereas those assigned to the latter would be referred to as N. picta (Goldman 1904) . However, we have not examined samples from Guatemala, El Salvador, Honduras, and Nicaragua; if these samples are conspecific with N. isthmica then the name N. ferruginea (Tomes 1862) would have priority and would refer to all samples from southeastern Oaxaca and those south of the Isthmus of Tehuantepec. Mexican wood rats north of these regions would retain the name N. mexicana. Furthermore, because of the population structure revealed from the current analyses, changes in the subspecific taxonomy should be considered. Namely, N. m. mexicana from Texas and those from Mexico appear to be distinct and possibly represent 2 valid taxonomic entities. If so, then N. m. mexicana from Mexico would therefore retain that nomen. However, no name currently is available for populations in the Trans-Pecos region of Texas. The taxonomic conclusions suggested herein are consistent with the phylogenetic species concept (Cracraft 1983) in which species are denoted as the smallest group of organisms defined by a unique combination of character states with a parental pattern of ancestry and descent.
We realize that these taxonomic changes are based on extremely small sample sizes and that not all N. mexicana subspecies were represented. However, of importance is the discovery of substantial levels of genetic divergence between some taxa and geographic populations. Obviously, further work is necessary to determine if other such patterns of genetic divergence are present in N. mexicana populations isolated by the extensive mountain ranges in central and southern Mexico. Also, additional sampling is important to assess current subspecific boundaries in the United States and Mexico. In the light of the gene tree-species tree controversy (Avise 1994) , phylogenies obtained from nuclear data should be used to test the accuracy of those generated by the cytochrome b data.
RESUMEN
Las relaciones philogenéticas entre 15 individuos que representan 6 subspecies de Neotoma mexicana de los Estados Unidos y México, fueron examinadas por medio del uso de sequencias del ADN del gen cytochrome b, que se encuentra en el ADN de la mitocondria. Análisis de parsimonio, verosimilitud, y distancia genética revelaron una dicotomia entre poblaciones de N. mexicana de los Estados Unidos y del norte de México, y aquellas del cinturón volcánico en el Sur de México. Una segunda dicotomia fue encontrada entre las ratas de campo de la Sierra Madre del Sur en el suroeste de México, y aquellas que se encuentran al sur del Itsmo de Tehuantepec. Aun más, poblaciones de N. mexicana de los Estados Unidos y las de México mostraron relativamente altos niveles de divergencia entre las sequencias, lo que indica una diferenciación genética substancial entre estos 2 grupos. Estos datos indican que las tres taxa probablemente representan especies hermanas y que se debe de considerar la posibilidad de elevar las formas sureñas y del suroeste de México a estatus de especie. Además, material paleontológico de madrigueras de ratas de campo del Pleistoceno de Nuevo México y México han provisto evidencia que indica que cambios climatológicos han tenido un efecto en este grupo de ratas de campo, y han ayudado a la evaluación de la philobiogeografía del grupo de especies de N. mexicana.
